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Abstract. In the presentwork, we analysethe radiative and non-radiative recombination
channelsin � -PTCDA (3,4,9,10perylenetetracarboxylicdianhydride)by applying time-
resolved photoluminescence(PL) techniquesin the 100 ns rangebetweentemperaturesof�������

K and
���
	����

K. Theseexperimentalfindingsare interpretedwith microscopic
calculationsof the dispersionof Frenkel excitons and the investigationof different dimer
geometriesusingtime-dependentdensityfunctionaltheory. Basedon the latterapproach,we
canidentify radiative recombinationfrom excimer statesandfrom anion-cationpairs. From
the temperaturedependenceof thedifferentPL channelswe gainsomeinsight into radiative
lifetimesandtheenergy barriersfor non-radiativede-excitation.

1. Intr oduction

Among the molecularsemiconductors,somesubstanceslike Alq  show a remarkablyhigh
photoluminescence(PL) efficiency andare thereforewell suitedfor organic light emitting
diodes, while many layeredcrystalline materialslike thiophenesor perylenederivatives
are poor emitters[1, 2]. The PL efficiency can be increasedby addingfunctional groups
reducingthe aromaticityof the molecules[3, 4]. For both classesof organic substances,
suchfunctionalizationsresultin deviationsfrom theplanarityof themoleculesandin a larger
distancebetweendifferentmolecularsites.As aconsequence,theinter-molecularinteractions
arereduced,andthecorrespondingPL quenchingmechanismsbecomelessefficient.

On the other hand, crystals of planar moleculesare interestingmodel systemsfor
studyingthe influenceof the inter-molecularinteractionson the PL spectra.In the caseof
crystallinePTCDA, the stackingdistanceis muchshorterthan in the crystallinephasesof
otherperylenederivatives,sothatthis substanceis particularlysuitedfor suchinvestigations.
Previoustime-resolvedPL studiesof PTCDA andMePTCDIsampleshaverevealedPL decay
timestimesof about4 ns in thecaseof dissolvedmonomersandamorphoussamples[5, 6],
while poly-crystallinePTCDA films of sufficient thicknessshow aradiative lifetime of about
11 nsat low temperatures[7, 8].

In the presentwork, we extend theseinvestigationsto the temperaturedependenceof
time-resolvedPL measuredonsinglecrystalsof � -PTCDA [9, 10]. Ourresultsareinterpreted
with microscopiccalculationsbasedon thetransferof Frenkel excitons[11, 12] andwith the
investigationof differentdimer geometriesusing time-dependentdensityfunctional theory
(TD-DFT) [13], togetherwith modelsfor activatednon-radiativedecay.
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Figure 1. Left: Low-temperature(
�������

K) PL spectrameasuredat differentdelaysafter
theexcitationpulse( � ) togetherwith curvesbasedonamodelof threePL channelswith decay
timesof � ����	������ ns,

�������! "�#��� $%�
ns(Frenkel exciton), and

��	�	��!&"�#$'�
ns(CT exciton).

In the inset, the semi-logarithmicscaleof the spectrallyintegratedPL revealsa clearnon-
exponentialtime dependence.Right: PL spectraintegratedover a delaywindow from ( & ns
to 95 ns,with a decompositioninto the lineshapesof the threePL channels:Frenkel exciton
(dash-dotted),CT exciton(dashed),fastdecayingPL channelaround1.95eV (solid),andsum
of all components(solid line superimposedto experimentaldatapoints( � ) [9].

2. Experimental

The � -PTCDA crystallitesusedin thepresentinvestigationweregrownby doublesublimation
in high vacuum.For the time-resolvedPL measurementsthe PTCDA crystalswereexcited
with a pulseddye lasersynchronouslypumpedby a mode-locked Ar ) ion laser, resulting
in 20 ps pulsesat an energy of 2.19 eV (565 nm) focusedto a spot of about250 * m on
the sample. As the repetitionrateof 80 MHz definedby the cavity lengthof the ion laser
exceedsthedecayrateof theslowestPL components,it wasreducedto 4 MHz usingacavity
dumper. Thetime-resolvedPL wasanalysedusinga CROMEX 250ISimagingspectrograph
anddetectedby a HamamatsuC4334Streakscopewith a time resolutionbetterthan50 ps.
In order to protectthe streakscopeagainststray light from the laser, a filter with a cutoff
at 590 nm (2.10 eV) wasused. In the range1.5 - 2.1 eV investigatedin the presentwork,
theflatnessof thespectralresponseof theentiremeasuringsystemwaschecked with black
bodyradiationfrom atungstenlampwith known emissionspectrum,andthereforenospectral
correctionwasappliedto thesubsequentPL measurements.For thelow temperature( +�,.-/-
- 300K) measurements,aclosed-cycleHecryostatCTI-Cryogenicswasused.

3. Time-resolved PL spectraat low temperature

At thelowesttemperatureof about +0,1-/- K, we foundclearevidencefor threedistinctPL
channelswith decaytimesof 243�56-87 ns, 29-;:=<?>@5BAC<EDF7 ns,and 243/3C<?G@5HD=7 ns,cp. Fig. 1 [9]. For
thePL intensityintegratedover thedelaywindow of IJG nsto 95nsaftertheexcitationpulse,
the two slower decayratescontaina vibronic progressionof threesubbandsnear1.83 eV,
1.68eV and1.52eV, whereasthefastestPL channelconsistsof asinglestructurearound1.95
eV. The dominatingPL banddecayingwithin about13 nscanbe modeledquantitatively as
recombinationoutof anindirectminimumof theFrenkel excitondispersiondiscussedin Sec.
5. From the dimer calculationsin Sec. 6 we assignthe slowestPL bandto recombination
resultingfrom charge transfer(CT) betweena pair of an anionic anda cationic molecule.
Basedon the decaydynamicsof this PL bandat higher temperatures,threecontributions
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Figure2. Contributionsto theexperimentalPL spectraintegratedovera delaywindow of ( &
nsto 45 ns( � ) , for

�H�K	��
K (left) and

�K�B��L��
K (right): Frenkel exciton with maximum

around1.84 eV (dash-dotted),excimer with M�NPO�QSR �T�U�V W	
(dotted), low-energy CT band

around M�NXO�QSR ����� L�$ eV (dashed),high-energy CT bandwith M�NXO�QSR �����! UY eV (dashed),
andhigh-energy satellitearound1.95eV at

�Z��	��
K andaround2.05eV at

�Z���UL��
K

(solid), andsumof all contributions(solid line). The broadeningsof all the recombination
channelsincreasewith temperature.

arising from different arrangementsof the two moleculesinvolved can be distinguished:
First a stackof a positively and a negatively charged moleculeresultsin a PL bandwith[4\^]`_ba ,c-/<Ed`D eV, secondanion pair involving thetwo differentmoleculesin thecrystalunit
cell is responsiblefor the largestfeaturearound1.83 eV andvibrationalsatellitesat lower
energy, andthird a furtherdimergeometrycontributesto theslow decayof thehigh-energy
peakat1.95eV. Thefastestdecaychannelaround1.95eV is attributedto anexcimergeometry
with ratherlow radiativedecayrate,but afastnon-radiativedecayinto morefavourabledimer
geometries,especiallythestacked ion pair whosePL intensityrisesup to a delayof about3
nsaftertheexcitationpulse.

4. Time-resolved PL asa function of temperature

At higher temperatures,a new PL channelopensup, becomingthe predominantPL band
above +e,f:/:`A K, cp. Figs. 2 and3. It canbe interpretedasanexcimerconsistingof two
stackneighbours,aswill bediscussedin Sec.6 in moredetail.Furthermore,thehigh-energy
satellitearound1.95 eV is quenchedabove + , -;G`A K, and insteada different PL band
near2.05eV develops. Basedon theFrenkel exciton modeldiscussedin thenext Sec.,this
high-energy featurecanbeassignedto a relaxedexcitedmonomer.

Thetemperature-dependentdecaytimes g of eachof thePL channelscanbemodeledas
asuperpositionof a radiativerateandactivatednon-radiativedecay:-g ,�hi,�hkjmlonqp6hkrtsur'vkjmlonPwUx=y{z I \ lo|~}�/� +f�q� (1)

where hFj�lon , g vC�jmlon is the inverse of the radiative lifetime, hbrWsur%vkjmlon a non-radiative
recombinationrate,and

\ lo|�} the correspondingactivation barrier. The PL efficiency of the
differentPL channelscanbeexpressedas� , hkjmlonh � (2)
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Figure 3. Left: Lifetimesof thedifferentPL bands,wherethemodelcurvesaccordingto eq.
(1) arecalculatedwith �����4� ���t& ns for the Frenkel excitons,40 ns for the high-energy CT
bandaround M�NPO�Q8R ���U�V WY

eV assignedto an anionicanda cationicmoleculeof different
orientations,50 ns for the low-energy CT bandaround M�NPO�Q8R �e�U��LU$

eV assignedto an
anion-cationstack,and25 ns for the PL arisingfrom the stacked excimer. The barriersfor
non-radiativedecayare NP����� ��L meVand88 meVfor theFrenkel excitons,two barriersof 6
meVand135meVfor thehigh-energy CT band,42meVfor thelow-energy CT band,and30
meVfor theexcimer. Right: Temperature-dependentintensitiesof thedifferentPL bands,with
modelcurvesbasedontheefficiencies� anddensities� accordingto eqs.(1-3)andformation
barriersof N��V�4��� ���U�!&

meV for the high-energy CT band,1.4 meV for the excimer, and6
meVfor thelow-energy CT band.

so that the temperaturedependenceof thePL lifetimesandintensitiescanbe treatedon the
samefooting, cp. Fig. 3. For simplicity the lifetime obtainedfor the lowest temperature
is interpretedas the radiative lifetime of each PL band, even though non-radiative de-
excitation channelsmight contribute even in this temperatureregime, especiallyfor the
slowest recombinationchannels.SomePL channelsinvolve a barrier for the formationof
theprecursorstate,sothatthedensityof thesestatesis assumedto dependonthetemperature
as � 2�+�7�, ��� wUx=y{z I \�� soj� �/� + �¡� (3)

resultingin an increaseof the correspondingPL intensitiesbetween+¢, -/- K andabout+�,�G`A K.
For the high-energy CT band, two non-radiative de-excitationscan be distinguished,

involving barriersof
\ lo|�}�,£d meV and135meV, respectively. We supposethat the decay

over the lower barrierresultsagainin anemissive CT state,while thedecayover thehigher
barrier leadsto the quenchingof this PL bandabove +f,¢-�G`A K. Within the error margins
of our modelanalysis,the formationbarrier

\^� sojm 1,¤d meV for the low-energy CT band
coincideswith the lower of the two activation barrier for non-radiative decayof the high-
energy CT band,sothatit is temptingto assigntheformerto thefinal stateafternon-radiative
decayof the latter. Albeit this decayrouteseemsreasonabledueto the microscopicdimer
modelsdiscussedin Sec.6, thesimilarity of theformationanddecaybarrierscouldbeapure
coincidence.

5. PL fr om Frenkel excitons

Basedon a modelincludingthetransferof Frenkel excitons,we cancalculatethefrequency-
dependenceof the anisotropicdielectrictensor[11], cp. the schematicoptical cycle in Fig.
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Figure 4. Schematicoptical cycle in the microscopicmodelbasedon the elongationof an
effective internalvibration andthe transferof Frenkel excitonsbetweendifferentmolecules.
After theabsorptionat © , theexcitonrelaxestowardsthedispersionminimumatthesurfaceof
theBrillouin zone(dashedarrow). At any finite wavevector, thelowestvibrationallevel in the
electronicgroundstateis not availableasthefinal stateaftera verticaltransitiondownwards.
Vibrationalsublevelsnot involvedin theverticalexcitationandde-excitationareindicatedas
dashedlines.

4, wherethe linear responseat ª is visualizedwith an averageof its diagonalcomponents.
The model ingredientsare the elongationof an effective internalvibration at «¬=¯®~° ,±A=<�-;>
eV togetherwith the transferof Frenkel excitons arising from the interactionbetweenthe
transition dipole momentson different molecularsites. At all temperatures,the optical
excitation startsin the vibrationalgroundstatebecausethe energy of the effective internal
modeis far above the thermalenergy. The generalizationof this approachto the ² -space
dispersionof theFrenkel excitonsresultsin a minimum at thesurfaceof theBrillouin zone
[12], an obvious candidatefor a red-shiftedPL band. As the vibrational groundstatehas
vanishingtotalmomentum,it is notavailableasafinal stateafterverticalde-excitationof this
lowestFrenkel excitonstate,resultingin afurtherdecreaseof thePL energy byonevibrational
energy quantum «¬="®�° . The small energy shifts of the final statesafter recombinationwith
respectto the higherharmonicsof the effective vibrationalmoderesult from a correlation
betweenthesevibrationalsublevels.Likein absorption,it arisesagainfrom thetransferof the
Frenkel excitons.A smallcontributionto thetotalStokesshift resultsfrom thelow-frequency
internalandexternalvibrationalmodesnotincludedin theFrenkel excitonmodel.Thispartof
thePL red-shiftis in therangeexpectedfrom theelongationsof thecorrespondingvibrational
modesdeterminedwith resonantRamantechniques[12, 14,15].

From the density of statesof the Frenkel exciton dispersion,we can calculatea
temperature-dependenceof the position of the resultingPL band,in good agreementwith
theexperimentalfindingsof ³ \^]`_F´ ³µ+
¶·G¹¸º-�A vF» meV/K.

Thehigh-energy satellitearound2.05eV canbeobtainedfrom anaverageof thelowest
exciton band

[4\ �o� 2�²�7 a ,¼:=<�-'d eV correctedby a Stokesshift of I½AC<�-/- eV expectedfrom
low-frequency internalandexternalvibrationalmodes[12].
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Figure 5. Left: Configurationcoordinatediagramof a stackdimer, wherethe deformation
of the excimer towardsthe left is compatiblewith the relaxedexcitedstateof the monomer,
andthedeformationtowardstheright with ananion-cation(AC) pair. For theexcimer(E), the
highertransitonat1.75eV is dipole-allowed,while thelower transitionis forbiddenby parity.
Right: Configurationcoordinatediagramfor a pair of non-coplanarmoleculesof different
orientation,with a distanceof 10.5Å betweentheir centersof mass.

6. PL fr om relaxeddimer geometries

All calculationsdiscussedin thepresentSec.havebeenperformedwith theTD-DFT scheme
basedon theB3LYP functionalasimplementedin the GAUSSIAN98 package.Thechoiceof
the relatively small 3-21Gbasissetwasmotivatedby the needto apply preciselythe same
approachbothto PTCDA monomersanddimers.For thedimersthis wasthelargestpossible
basissetwhichcouldberunontheHP-9000N4000hardwareused,andeachdimergeometry
tookabout40 - 48hoursonasingleprocessorof thissystem,resultingin a totalCPUtimeof
about4 monthsfor all the65dimergeometriesinvestigated.

The model geometriesare basedon the atomic positions in the crystal unit cell
determinedby X-ray diffraction [16], wherethe positionsof thehydrogenatomshave been
readjustedwith a calculationof the3-dim unit cell applyingdensityfunctionaltight-binding
(DFTB) techniques[17]. After referencecalculationsfor the correspondingmonomers
anddimersin geometriescompatiblewith the so-defined� -PTCDA crystal, the molecular
geometrieshave beenmodifiedasin therelaxedexcitedstateof themonomerandin anionic
andcationicmolecules,asdiscussedearlier in the interpretationof resonantRamanspectra
of PTCDA [15] andTD-DFT calculationsfor stacked dimers[12]. Two kinds of deformed
dimershave beeninvestigated:Anion-cationpairsandexcimer states,wherethe molecules
aredeformedasin the relaxedexcitedstateof themonomer. In bothcases,theprefactorof
theoveralldeformationhasbeenvariedin 20 ¾ stepsbetweenthecrystalreferencegeometry
andthelargestdeformationapplied,correspondingto theionic geometryfor theanion-cation
pairsandto half of thedeformationin therelaxedexcitedstatefor eachmoleculein thepair
forming theexcimer. In thelattercase,it turnedout thattheminimumof theexcimerenergy
occursaround45 ¾ of thedeformationof therelaxedexcitedmonomer.

The previous TD-DFT calculationsfor a stack dimer compatiblewith the crystal
geometry and the correspondinganion-cationpair [12] have been extended to dimers
consistingof two identicalmoleculesdisplacedby thelatticevector¿ , andto dimersinvolving
thetwo differentbasismoleculesin theunit cell. In thelattercase,nearlycoplanargeometries
andmoleculepairsdistributedovertwo consecutivePTCDA layershavebeeninvestigated.In
eachcase,wehaveperformedacarefuladjustmentof theoverallenergy scaledueto thelack
of thecrystalsurroundings.
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In Fig 5, we reporttwo typical configurationcoordinatediagramsfor moleculardimers:
Thestackgeometry, andadimerconsistingof two inequivalentmoleculesextendedover two
consecutivemolecularplanesin thecrystal.Fromtheminimaof theexcitedstatesin thestack
geometriesinvestigated,we assigntheobservedlow-energy CT bandwith

[�\À]8_Fa ,e-/<Ed`D eV
to thetransitionenergy of 1.63eV in theanion-cationstack,while theexcimerPL bandwith[4\^]`_ba ,£-/<Á>83 eV dominatingat high temperaturescanberelatedto the transitionenergy of
1.75eV for anexcimerin astackedgeometry. Thefactthatthelowesttransitionin thestacked
excimer is parity-forbiddencould be responsiblefor the low PL efficiency of crystalline
PTCDA. From the calculationsof the dimer involving the two differentnon-coplanarbasis
molecules,we assignthe observed averageof

[4\À]8_ka , -/<?>`Â eV to the CT recombination
betweenthe two ions at 1.80 eV in the configurationcoordinatediagram. The energetic
minimum in the excimer geometrydeterminesa transitionenergy of 1.93 eV, a candidate
for theslow componentof thehigh-energy satellitein thelow-temperaturePL spectra.

The agreementbetweenthesemicroscopicTD-DFT calculationsfor various dimer
geometrieswith thepositionsof theobservedPL bandsis quiteremarkable.As ourapproach
doesnotaccountfor a contributionof theexternalphononmodesto theStokesshift [12, 14],
we canusethis deficiency for an estimateof systematicerrorsof the TD-DFT calculation.
From their resonantRamanintensities,we expect thesemodesto contribute 40 meV to
the reorganizationenergy in absorption[12]. Even thoughthe contribution of the external
phononsto the Stokesshift of a transitionlocalizedon a dimer is unclear, we canusethis
reorganizationenergy in absorptionfor anestimateof 80 meV for theStokesshift, defining
anupperlimit for possiblesystematicdeviationsof theTD-DFT results.

7. Conclusion

As aconclusion,wehaveappliedtime-dependentPL techniquesto � -PTCDA singlecrystals
in a temperaturerangeof +Ã, -/- to 300 K. From microscopiccalculationsbasedon the
transferof Frenkel excitonsandTD-DFT calculationsfor moleculardimers,we wereable
to assignthe energetic positionsof all the observed PL bands.Furthermore,the calculated
radiative lifetime of the Frenkel excitons is in goodagreementwith the PL decaychannel
dominatingat low temperature.Models for activatedformationandnon-radiative decayof
theprecursorstatesof thedifferentPL bandsallowedusto proposedecayroutesconnecting
theselow-lying excitedstates.
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[5] Bulović V, BurrowsP E, ForrestS R, CroninJA, andThompsonM E, 1996Chem.Phys.2101-12
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